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Abstract

Brain connectivity is progressively disrupted in Alzheimer’s disease (AD). Here we used a
seemingly unrelated regression (SUR) model to enhance the power to identify structural
connections related to cognitive scores. We simultaneously solved regression equations with
different predictors and used correlated errors among the equations to boost power for associations
with brain networks. Connectivity maps were computed to represent the brain’s fiber networks
from diffusion-weighted MRI scans of 200 subjects from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI). We first identified a pattern of brain connections related to clinical decline
using standard regressions powered by this large sample size. As AD studies with a large number
of DTI scans are rare, it is important to detect effects in smaller samples using simultaneous
regression modeling like SUR. Diagnosis of MCI or AD is well known to be associated with
ApoE genotype and educational level. In a subsample with no apparent associations using the
general linear model, power was boosted with our SUR model--combining genotype, educational
level, and clinical diagnosis.
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1 Introduction

Brain connectivity is progressively disrupted in Alzheimer’s disease (AD). Several new
technologies can recover patterns of brain connectivity from scans performed in a clinical
setting, such as diffusion-weighted MRI. Connectivity maps are of interest from a
neuroscientific point of view but there is also practical interest in whether connectivity
measures are useful biomarkers for identifying factors that affect the brain in
epidemiological studies or for monitoring brain decline in clinical trials.

Connectivity maps reveal organizational features of the brain not detectable on standard
anatomical MRI. There is some interest in whether connectivity measures might help in
predicting patient diagnosis or prognosis, either alone or when combined with other
biomarkers. Connectivity measures may also provide insight into disease beyond what can
be inferred from other imaging measures, or from clinical or cognitive assessments. In
particular, diffusion tensor imaging (DTI) and its mathematical extensions (such as high
angular diffusion weighted imaging, or g-space imaging) can reveal disease-related changes
in white matter integrity (Nir et al., 2013), revealing how various cortical regions are
connected to each other. Using diffusion MR, structural connectivity can be defined in
terms of the density or integrity of reconstructed fiber tracts connecting various regions of
the brain. Often, cortical regions are identified automatically on T1-weighted structural MRI
scans. Based on co-registered diffusion-imaging data, we can then study the trajectories and
densities of white matter tracts interconnecting the cortical regions.

Clinical studies of brain connectivity are highly informative and are becoming highly
successful. Brain connectivity changes profoundly during development (Hagmann et al.,
2008, Hagmann et al., 2010, Dennis et al., 2013) in normal aging (Brown et al., 2011), in
elderly people with HIV (Jahanshad et al., 2012), Alzheimer’s disease (Nir et al., 2012,
Daianu et al., 2013a) and other neurodegenerative diseases (Toga and Thompson, 2013), and
in disorders such as epilepsy (Engel et al., 2013). Such work reveals how diseases disrupt
connections and networks, offering insights into their mechanisms and consequences.

Large-scale efforts such as the Alzheimer’s Disease Neuroimaging Initiative, or ADNI, have
led to analyses of neuroimaging data in large cohorts of patients. ADNI recently launched a
second phase (ADNI-2) of longitudinal data collection to include diffusion-weighted scans,
with the goal of studying microstructural integrity and anatomical connectivity (among other
measures) in elderly individuals. ADNI-2 is still in its early stages and data are still being
collected from AD, MCI, and normal elderly subjects with varying degrees of cognitive
impairment. Of the projected 1000 additional subjects in its second phase, ADNI will scan
around 300 subjects with DTI. Yet, even in the early stages of data acquisition, connectivity
disruptions in AD have been shown using ADNI-DTI (Hasan et al., 2012, Nir et al., 2012,
Daianu et al., 2013a, Daianu et al., 2013b, Prasad et al., 2013). DTI can therefore detect
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changes associated with dementia. Even so, some factors that affect brain-imaging measures
require tens of thousands of subjects to detect (Stein et al., 2012, Hibar et al., 2013); efforts
are needed to maximize power for discovering factors that predict network decline.
Fortunately, combining predictors from all clinical categories can significantly enhance
power to predict brain integrity and decline, or in other words, reduce the sample size
needed to detect statistical associations (Kohannim et al., 2010, Yuan et al., 2012, Xiang et
al., 2013).

To identify clinically relevant changes in the brain’s networks, one typical approach is to fit
multiple general linear regression models to identify connections whose integrity is
statistically associated with clinical or cognitive scores, or with ratings of dementia severity.
Detecting connections whose strength are associated with cognitive decline may help to
delineate compromised brain regions and subnetworks. This may focus attention on regions
where medication effects may be monitored more specifically. Ideally, one would prefer to
analyze a very large cohort of subjects to have enough statistical power to identify all
connections associated with changes in cognition. However, as with other measures, the
power to relate brain connectivity to clinical parameters is limited by the available sample
size. This makes it vital to examine new ways to optimize power to detect clinical
associations with images.

In this study, we have two goals. First, we identify a pattern of connections in the brain
whose density is associated with clinical decline. To do this, we use a standard regression
model where the elements of the connectivity matrix are predicted using widely used
cognitive test scores including the global clinical dementia rating (CDR) and Mini-Mental
State Examination (MMSE) scores. The classical approach to find brain measures related to
disease burden, is to fit a large regression model that includes as many relevant predictors as
possible. These predictors may include measures of dementia severity (such as the CDR or
MMSE) - or other predictors known to be associated with AD, such as ApoE4 genotype
(Reiman et al., 1996), age, and educational level (Stern et al., 1994). In other words, the
connectivity matrix is treated as a 2D image and all relevant predictors are fitted to the data
at each matrix element, leading to a statistical parametric map of connections that decline in
AD.

However, as a second goal, we propose a different and more powerful tactic to pick up
connectivity patterns that decline in disease, based on a method known as seemingly
unrelated regression (SUR), adapted from econometrics (Zellner, 1962). SUR is quite well
known in the financial literature but perhaps not so well known in brain imaging, so we
explain it briefly here. In the standard statistical model, we could insert all the predictors we
have (MMSE, CDR, educational level, ApoE genotype, etc.) into a single multiple
regression equation to predict the values of connectivity matrix elements, C(x,y). If that is
done a pattern of connections would be found that relates to clinical decline, so long as there
is sufficient power to find an effect. With SUR, we instead write down a set of simultaneous
regression equations where each equation in the set does not necessarily have to predict the
same outcome measure, i.e., some of the regression equations may predict a different
dependent variable, and some predictors may be present or absent in each equation. If the
predictors depend on each other statistically, we are then able to use the fact that the errors
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are correlated among the larger set of equations to solve them more accurately. We
essentially use the correlated errors among equations to boost power to find brain
connections that decline in AD.

As SUR can be more powerful than a standard regression, we used both SUR and a standard
linear regression to identify brain connections related to clinical decline. We hypothesized
that SUR would detect associations too weak to detect with the standard model. Our goal
was to boost the effect sizes of associations between brain connectivity measures and
clinical scores to ‘revive’ significance for tests that would have failed using the standard
regression model. The overall goal of our work is to enhance the power to pick up patterns
of brain connections that decline in AD. This is particularly useful when the available
sample size is limited, but should always be beneficial even in large samples.

2.1 Subject information and image acquisition

Data collection for the second phase of the Alzheimer’s Disease Neuroimaging Initiative
(ADNI2) includes diffusion MRI, but, at the time of writing (April 2013), this is still in its
early stages. Here we performed an initial cross-sectional analysis of the ADNI DTI data
from 200 adults whose DTI scans passed a quality control procedure; the QC process
involved checking each scan for cropping or incomplete coverage of the brain, slice or
gradient drop-out, stripes or other artifacts, excessive distortion or excessive rotational or
translational motion during the scan. Scans that failed QC were excluded. Table 1 shows a
summary of relevant demographic information for these 200 participants. Age, sex and
educational level (in years) were ascertained for all subjects. Clinical assessments of
dementia severity include the Mini-Mental State Exam (Folstein et al., 1975); lower scores
denote greater impairment), and the Clinical Dementia Rating (Hughes et al., 1982) (scored
as 0, 0.5 or 1; higher scores represent more severe dementia). ApoE4 genotype data to date
has been collected for 76 of the 200 individuals who had neuroimaging scans. We conduct a
t-test to determine demographic differences between the genotyped group and the full group,
as well as between the genotyped group and the non-genotyped group, as seen in Table 2.
We note no differences in distribution of sex, age, MMSE score, CDR score or education
level between the subgroup and the full group. The genotyped group and the non-genotyped
group show nominally significant (p<0.05) differences between MMSE (p=0.015) and
education level (p=0.016), however these would not be considered significant when
considering all 5 between group comparisons tested (Bonferroni correction would require p
< 0.01).

All subjects underwent whole-brain MRI scanning on 3-Tesla GE Medical Systems
scanners. T1-weighted SPGR (spoiled gradient echo) sequences (256x256 matrix; voxel size
=1.2x1.0x1.0 mm3; Tl = 400 ms; TR = 6.984 ms; TE = 2.848 ms; flip angle=11°) and
diffusion-weighted images (DWI; 35 cm field of view; 128x128 acquired matrix,
reconstructed to 256x256; voxel size: 2.7x2.7x2.7 mm3; scan time = 9 min) were collected.
46 separate images were acquired for each diffusion MRI scan: 5 T2-weighted images with
no diffusion sensitization (by images) and 41 diffusion-weighted images (,=1000 s/mm?)
chosen to optimize the signal-to-noise ratio in a fixed scan time (Zhan et al., 2012). More
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details on ADNI protocols may be found at: http://adni-info.org/Scientists/Pdfs/
ADNI2_Protocol_FINAL_20100917.pdf and http://adni.loni.usc.edu/wp-content/uploads/
2010/05/ADNI2_GE_3T_22.0_T2.pdf.

2.2 Cortical extraction and HARDI tractography

Diffusion-weighted images and structural MRI scans were independently preprocessed and
jointly analyzed to map the fiber connections between cortical regions. Non-brain regions
were automatically removed from each T1-weighted MRI scan, and from a T2-weighted
image from the DWI set using the FSL tool “BET” (http://fsl.fmrib.ox.ac.uk/fsl/).
Anatomical scans subsequently underwent intensity inhomogeneity normalization using the
MNI “nu_correct” tool (www.bic.mni.mcgill.ca/software/). All T1-weighted images were
linearly aligned using FSL (with 6 DOF) to a common space with Imm isotropic voxels and
a 220x220%220 voxel matrix. DWIs were corrected for eddy-current distortions using the
FSL tools (http://fsl.fmrib.ox.ac.uk/fsl/). For each subject, the 5 images with no diffusion
sensitization were averaged, linearly aligned and resampled to a downsampled version of
that same subject’s T1-weighted image (110x110x110, 2x2x2mm). by maps were then
elastically registered to the T1-weighted scan — which is considered to be a relatively
undistorted anatomical reference — to compensate for susceptibility artifacts.

The transformation matrix obtained by linearly aligning the mean bg image to the T1-
weighted volume was applied to each of the 41 gradient directions to properly re-orient the
orientation distribution functions (ODFs). We performed high-angular resolution diffusion
imaging (HARDI) specific tractography as performed in (Aganj et al., 2011) on the sets of
DW1 volumes. We note that the diffusion images that ADNI collects are not HARDI, in the
sense of having only a modest number of gradients (41), but methods to deal with HARDI
data can be used to correctly make use of all the available angular information. We note that
this technique exploits the available angular resolution of the data without assuming a tensor
model for the diffusion process and is applicable to scans with limited angular resolution (as
is the case with ADNI).

Elastic deformations obtained from the EPI distortion correction, mapping the average bg
image to the T1-weighted image, were then applied to the each traced fiber’s 3D coordinates
for accurate realignment of the anatomy. Each subject’s dataset contained ~10,000 useable
fibers (3D curves) in total, which has shown to be sufficient in a connectivity study of fiber
curves traced (Prasad et al, 2013). Fibers artificially traced on the edge of the brain due to
imaging artifacts were removed as were fibers shorter than 10mm in length, which were
thought to be due to noise in the image.

34 cortical labels per hemisphere, listed in the Desikan-Killiany atlas (Desikan et al., 2006),
were automatically extracted from all aligned T1-weighted structural MRI scans using
FreeSurfer (version 5.0 http://surfer.nmr.mgh.harvard.edu/) (Fischl et al., 2004). The
resulting T1-weighted images and cortical models were aligned to the original T1-weighted
input image space and down-sampled using nearest neighbor interpolation to the space of
the DWIs (to avoid intermixing of labels). Labels were dilated with an isotropic box kernel
of width 5 voxels to ensure tracts would intersect labeled cortical regions.
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2.3 Calculating the connectivity matrix

For each subject, a full 68x68 connectivity matrix was created. Each element described the
proportion of the total number of extracted fibers in the brain connecting each of the labels,
such that the number of fiber counts in each connection is normalized by the overall number
of fibers from the full brain tractography; diagonal elements of the matrix describe the total
number of fibers passing through a certain cortical region of interest. If more than 50% of
subjects had no detected fibers for a specific matrix element, then the connection was
considered invalid or insufficiently consistent in the population, and was not included in the
analysis. We are more lenient with this threshold here than in studies involving only healthy
individuals, in order to include connections that may be affected by the disease.

2.4 General linear regression

The general linear regression model was applied to data from the full sample of 200 subjects
to associate cognitive scores from the Mini-Mental State Exam (MMSE) with each element

of the connectivity matrix (representing the proportion of white matter fibers connecting the
various cortical regions):

Vs =Age x BogetSex x Boeut MMSE x 3, o0y, v Fenn )
Yepr=Age* Bage+Sex ¥ Bsert+ApoE4d + ,BAPOm—l—Eduac * BpinacToprtEopR @

The y’s represent the traits being predicted, the a’s represent intercepts, while B’s represent
the slopes (regression coefficients) for the fitted regressors, the residual errors (g) are
identically and independently distributed for each individual (1, ..., j). Ynxn represents the
elements of the NxN connectivity matrix. Associations were performed using the ‘Im’
function in the R statistical package. We used the standard false discovery rate procedure
(Benjamini and Hochberg, 1995) to correct for multiple statistical tests made across all
tested matrix elements (Jahanshad et al., 2013b).

2.5 The seemingly unrelated regressions model

The SUR model (Zellner, 1962) was developed for applications in econometrics. Recently,
SUR maodels have been applied to biomedical applications, e.g., to explain variance in
biological traits based on predictors from genome-wide association scans (Saint-Pierre et al.,
2011). The SUR model combines regression equations for a number of traits (shown below
for two traits, as assessed here) and assumes that the residual errors (g) are identically and
independently distributed for each individual (1, ..., j) within traits (labeled 1 and 2 here, for
two traits). The model also allows for the residual errors to be correlated for an individual
between traits. Different traits may have different sets of predictors (X;). This means that the
sets of predictors for different equations are not identical - Equation 1 can have predictors
X1i= [X1i, X2i, X3i, X4i] While Equation 2 can have predictors Xoi= [X2i, X4i, Xsj, Xgi] for an
individual i. a represents an intercept, while B represents the slopes (regression coefficients)
for the fitted regressors as above.
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The idea behind SUR is to fit a number of regression equations at once — not necessarily
with the same outcome measure — and use the information on the covariance in the errors
from each equation to update the other. Here, the following joint equation was used to boost
power to detect associations with cognitive scores (MMSE) on brain measures, when
limiting our associations to only those 76 subjects who were genotyped for ApoE4. The two
traits examined are (1) element-wise fiber proportions, with the MMSE score as a predictor
of interest and age and sex as covariates, and (2) global CDR score (0, 0.5, or 1 generally
representing controls, MCI or AD) with ApoE4 genotype and years of formal education as
additional predictors:

+

Vo n =Age * BagetSex * Byeut MMSE * 3,1 cp+ay v Fenun s
Yepr=Age x Baget+Sex x Bsex+ApoE4 % ,BApoE4+Eduac * BrivaeFoprtecoprte ®)

SUR regressions were carried out using the ‘systemfit’ package in R. We used the false
discovery rate procedure (Benjamini and Hochberg, 1995) to correct for multiple statistical
tests made across all matrix elements.

2.6 Additional comparisons

In addition to comparing the SUR model to the linear regression model for the entirety of
the group (all 200 subjects) to associate MMSE with specific brain connections, we also
evaluated a linear regression model of the same association in a subsample consisting of just
the 76 genotyped subjects, and an additional linear model including covariates ApoE4 and
years of education.

Yun :Age*,@age+Sea:>kﬂsew—|—]\JJ\ISE*6MMSE+ApoE4*,6’Apnm +Eduacxf,,, +ay, v FeEnn @)

The idea of this test was to confine the analysis to a deliberately small sample, and see if the
standard model or SUR could still pick up associations that we know are present when the
larger sample is used.

3 Results

In our full sample of 200 individuals, we found significant and widespread associations of
fiber density in the connectivity matrices with MMSE, after adjusting for age and sex.
Regions of significance, after correcting for multiple comparisons with an FDR of g=0.05
are shown in Figure 1a. In total, 88 connections were significantly related to MMSE scores
(Table 3), after multiple comparisons correction.

The global CDR score was also associated with our measures of brain connectivity, as seen
in Figure 1b. CDR and MMSE are quite strongly correlated (r=-0.61 in this sample, with a
negative sign due to the definitions of which scores are better or worse). Consequently,
using both CDR and MMSE in the same linear regression model could lead to a

Neurobiol Aging. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Jahanshad et al.

Page 8

multicollinearity problem. CDR is also associated with differences in the structural network,
which supports our hypothesis that an SUR model including both variables may boost
power.

In the full available sample of 200 subjects, we tested how the various predictors related to
brain connectivity. 38%, or 76 of the 200 individuals were genotyped for ApoE4 in this
study. After multiple comparisons correction, we found no significant associations between
the 198 subjects with available educational level, or the 76 subjects with ApoE4 information
available and brain connectivity. As the second equation used for the SUR model involved
only clinical measures, and no imaging measures, we additionally examined whether
elements from that equation were significantly associated with each other. On its own
(without imaging measures), no significant associations were detected between genotype
(ApoE4) or educational level and global CDR, after controlling for age and sex in the subset
of 76 subjects, possibly due to the limited sample size. We can therefore conclude that
education and genotypes were not directly related predictors of global CDR score or overall
brain connectivity within this relatively small sample of individuals.

Next, we fitted a standard linear regression as before, but restricted to the subsample of
subjects with ApoE4 data available. In this subgroup of about one third of the full sample,
the standard regression approach was not able to predict the matrix elements when the
model was fitted in the subsample. Additionally, in this group we found that adding in the
additional covariates -- education and genotype -- to the linear model still resulted in no
significant associations between the MMSE score with the matrix elements.

However, when the SUR model was applied to the same subsample (of 76/200 subjects),
significant associations between brain connectivity and MMSE were detected, i.e. ‘revived’,
in the sense that the standard model could not detect them in the reduced sample, but we
know they are true as the standard model could detect them in the full sample. Not all of the
same regions were declared significant, but a subsample of connections was implicated
when using the SUR model in the much smaller sample than when using a general linear
regression in a much larger sample. Seven connections, in total, were found to be
significantly associated with MMSE, 6 of which were in the original list; these ‘revived’
connections are marked in Table 3. One connection, between the right caudal anterior
cingulate and the right entorhinal cortices was found to associate to MMSE in the SUR
model, and this association was not detected in the original linear model, even in the full
sample. A visual representation of the full extent of the connections affected and those
revived with the SUR model can be seen in Figures 2a and 2b, respectively; it is noteworthy
that when filtering connections by those present in 50% of subjects, more connections were
filtered out in the larger group. Because of this, we also examined the SUR model only in
the valid connections for the full group. This led to similar results, seen in Figure 2¢, where
the connection between the right caudal anterior cingulate and the right entorhinal cortices
was no longer found to be valid, but instead the proportion of fibers intersecting the right
medial orbitofrontal cortex was found to be significantly correlated with MMSE again.

Additionally, for all these association tests of MMSE with network connectivity, we
computed the mean-squared error (MSE) of the regressions and found that they were not
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significantly different between models. Box plots of the —log;q of the error measures on the
88 significant connections found with the entire group are compared for each model in
Figure 3.

4 Discussion

Here we show, first and foremost, that the density of the brain’s fiber connections is related
to clinical assessments of global functioning, and with standard measures of dementia
severity, suggesting that connectivity maps may offer a viable image-based biomarker of
disease severity. The association of structural connectivity with dementia scores is itself
very promising as it can help disentangle the mechanisms by which dementia progresses
throughout the brain and by which connections are affected.

Second, we found that our SUR model was more efficient in picking up patterns of brain
connections related to clinical decline. In other words, SUR picked up associations in
smaller samples of subjects, and found associations not detectable with standard regression.
We set up the comparison by finding connections linked to clinical decline in a large
sample, and then reducing the sample size to the point where there were too few subjects for
standard regression to find the association. With that in mind, we were able to verify
whether the associations detected by SUR were reasonable based on the tests in the much
larger sample.

If used in conjunction with other standard measures obtained from clinical visits, SUR can
enhance the power to detecting brain differences related to clinical decline. By applying
SUR to brain connectomes — i.e., connectivity matrices — we developed a novel method to
probe the degenerative basis of anatomical brain connectivity in a limited sample size by
combining imaging measures with genetic risk assessments and educational history. Using
multivariate associations through the ‘seemingly unrelated regression’ approach, we
combine two equations of limited power to collectively boost power in mapping associations
with brain connectivity. These findings may also help improve efforts in personalizing
medicine, in that information on a patient that may seem unrelated to the diagnosis on its
own (or simply underpowered) can actually be used to boost the power for other
associations.

MMSE and global CDR scores are diffusely associated with fiber density connectivity maps
in large enough sample sizes. Most of the MMSE-associated connections were in temporal-
parietal regions and the frontal lobe, mainly concentrated in the left hemisphere. These
connections shown here to track clinical decline have long been implicated at various points
in the trajectory of AD, which usually follows a limbic-to-frontal, temporal and parietal
sequence of cortical changes (Braak and Braak, 1991, Thompson et al., 2003, Thompson et
al., 2007). Due to the processing of the images, particularly the dilation of the cortical
regions, we do not expect this known pattern of cortical thinning to artificially influence our
results (i.e., less fibers would not be found simply because regions are thinner, as cortical
labels are dilated to ensure inclusion of white matter). Instead, we find that the fibers
connecting these regions are reduced in count proportional to all the detected fibers in the
brain, offering complementary insight into the structural mechanisms influencing
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degeneration and cognitive impairment. The strongest MMSE-associated connection was
with the fibers intersecting the inferior parietal cortex, a region whose connectivity has been
strongly implicated in Alzheimer’s disease (Jacobs et al., 2012).

ApoE4 genotype and poorer educational level have each been consistently associated with
risk for AD, across many studies, for example in (Stern et al., 1994). Even so, ADNI2
consists of a relatively highly educated population, and only a fraction of those assessed
have been currently genotyped for ApoE4 (others will be genotyped in the future). In our
sample, neither genotype nor educational level showed significant associations with the
global dementia rating. Although this could be because the sample size to-date is relatively
small, we show these factors are insufficient to help predict diagnosis in terms of global
CDR scores directly when these factors are entered into the model as linear covariates.
Despite this, we can use the knowledge that our sample may be slightly underpowered to
pick up the associations and combine two underpowered regression equations. Correlations
between the errors of the regression equations, possibly due to the relation of age to ApoE4
status, or sex to education level, end up boosting the power to detect statistical associations
at certain connections in the anatomical network. The connections that were revived using
the SUR model are mainly focused in the orbitofrontal regions, regions important for
connecting frontal monitoring systems to the limbic system (Tekin and Cummings, 2002)
and a hub for neurofibrillary tangles in AD (Tekin et al., 2001). Our results here parallel
some of the major nodes previously found to associate to AD related changes in network
efficiency (Lo et al., 2010).

In the spirit of our work here, there are several other ongoing efforts in statistics to make
most efficient use of the available data in ADNI and other studies with large numbers of
biomarkers. ADNI has an inevitable pattern of missing data, in that not all subjects were
willing or able to have CSF measures or ApoE genotyping, or amyloid PET imaging. By
design, only one-third of the sample was scanned with DTI. In a setting where data is
missing blockwise, we have previously tested sparse multi-biomarker models that combine
across submodels (Yuan et al., 2012). Such methods that transfer or pool information
between different problems and models are advantageous in analyzing large datasets of
correlated data, and to some extent in all of science.

This work suggests several follow-up studies. Structural connectivity is powerful enough to
use as a phenotype to search the genome for genetic variants that affect the brain (Jahanshad
et al., 2013b), making it an ideal candidate for also mapping disease related genetic effects.
The most dementia-influenced connections are plausible targets to prioritize in the hunt for
genes influencing brain integrity and risk for disease (Jahanshad et al., 2013a). Regions
where power is boosted in the joint regression model may hold underlying genetic
influences, which could potentially be picked up in larger sample sizes. Multivariate models
to include more genetic information have shown promise in finding genetic influences on
brain structure (Hibar et al., 2011, Kohannim et al., 2013). While the multivariate methods
presented here involve including a host of critical patient information with known effects,
multivariate methods to include more genetic information may also boost power to detect
disease associated changes in the brain. The current study focuses on pinpointing specific
connections in the brain that deteriorate as patients decline clinically. Even so, much recent
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work on brain networks additionally focuses on more general regions or global properties of
the connectome as a whole and have been widely successful in identifying developmental or
dementia associated changes (Lo et al., 2010, Dennis et al., 2011, Nir et al., 2012, Daianu et
al., 2013b). These network properties may be important for identifying brain changes
associated with the individual genome; for a review see (Thompson et al., 2013).

In conclusion, models combining a variety of biomarkers may be important for clinical
studies, such as ADNI, where several sources of somewhat directly ‘unrelated’ information
(clinical, biological, genetic, demographic) are collected all with the goal of identifying
biomarkers to better characterize disease.
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Figure 1. Clinical Associationswith Structural Connectivity in ADNI
Connectivity maps show regions of significant association between fiber proportions in

individual cortical pathways and (a) MMSE scores, or (b) global CDR measures. Colored
elements indicate significant associations. Dark gray regions were considered ‘valid’ (i.e.,

present in at least 50% of individuals) and were evaluated, but were not found to be

Page 15

significant. Light gray regions were invalid and not assessed. Warmer colors represent lower
‘more significant’ p-values, or higher —log(p-value). The —logig(p-value) enables us to
easily distinguish between the low p-values needed to establish significance after multiple
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comparisons correction across elements. For example, a p-value of 10~/ has a —log1o(p-
value) = 7 and can be clearly identified as more significant (red in color) than a p-value of
1075 or —logyo(p-value) =5.
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Figure 2.
A visual representation of a) the full extent of the connections associated with MMSE, and

b) those ‘revived’ with the SUR model are shown. Regions revived with the SUR model in
the reduced sample size are the connections between the left pars orbitalis and the left
lateral orbitofrontal, left rostral anterior cingulate and the left lateral orbitofrontal, left rostral
anterior cingulate and the left pars orbitalis, left rostral middle frontal and the left pars
orbitalis, the right medial orbitofrontal and the right lateral orbitofrontal, and also the fiber
density within the left pars orbitalis itself. In ¢), we examined the SUR model restricted to
the valid connections for the full group. The connection between the right caudal anterior
cingulate and the right entorhinal cortices was no longer found to be valid, but instead the
proportion of fibers intersecting the right medial orbitofrontal cortex was again found to be
significantly correlated with MMSE.
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Figure 3.
For all association tests of MMSE with network connectivity, we found the mean-squared

error (MSE) of the regressions; they are not significantly different between models. Box
plots of the —log;( of the error measures on the 88 significant connections found with the
entire group are compared. From left to right, these represent the linear model using all 200
subjects, the linear model using the 76 subjects with available ApoE data, and also using
education level and ApoE4 status as covariates, the linear model using the 76 subjects with
only age and sex as covariates, and the SUR model as described in the M ethods. No
significant differences are seen in the distribution of MSE between the different tests,
despite the overall significance in the entire sample, and in the SUR models.
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Table 1

ADNI demographic information: subjects with available DTI scans fall into one of three diagnostic categories,
cognitively healthy controls, those with mild cognitive impairment (MCI), and those with Alzheimer’s disease
(AD). Apolipoprotein E4 genotype was modeled here in a dominant fashion as 0 or 1, indicating the presence

of any epsilon-4 alleles carried by the subject (which confer heightened risk of AD). A dominant model for the
genotype was used due to the limited sample size (which limits the number of people with 2 copies of ApoE4).

Sex Age MM SE Global Years of Education
CDR (N=198)
Total N=200 Ng=87,Ny=113 | 73.0 (7.5) | 27.2(2.6) 0.43(0.31) | 15.8(2.8)

Genotyped N=76 | Ng=30, Ny=46 | 742(7.2) | 27.8(2.0) | 0.41(0.25) | 16.4(2.7)

APOE4=0 (N=44) | Ng=21,Ny=23 | 75.8(7.3) | 27.7(21) | 0.39(0.27) | 16.1(2.7)

APOE4=1 (N=32) | Ng=9, Ny=23 720 (6.7) | 27.8(1.86) | 0.44(0.26) | 16.9 (2.7)

APOEA4 t-test 0.09 0.02 0.85 0.39 0.18
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Table 2

Two-sided t-tests were conducted between the genotyped group and the full group for sex, age, MMSE score,
CDR score and education level. No significant differences were found. The genotyped group was also
compared to the non-genotyped group. While MMSE score and education level are nominally significant at p
< 0.05, these would not survive multiple comparisons correction.

Between group t-test p-values Sex Age MMSE | CDR | Education

Genotyped (76) vs full group (200) 0.545 | 0.238 | 0.052 0.415 | 0.109

Genotyped (76) vs non-genotyped (124) | 0.369 | 0.082 | 0.015 0.253 | 0.016
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Table 3

Here we list structural brain network connections significantly associated with MMSE in the full sample
(N=200). A connection of one region to itself denotes MMSE is a significant predictor for the fiber density in
that particular node. Of the 88 regions, 6 were ‘revived’ (i.e., became significant when they were not before)
when using the SUR model, even in a sample 38% of the original size, when power was insufficient for the
general linear model to fit. An additional connection not listed (between the right caudal anterior cingulate and
the right entorhinal cortex) was also significant with the SUR model. As the power to detect changes is much
greater in the larger sample size (Full Model), the p-values for the SUR model are in general slightly higher
than those of the full model, or not significant after multiple comparison correction as denoted by “-’.

Connection Full model significant | SUR significant
p-value p-valuein amore
in asampleof N=200 | challenging

sample of N=76

Left Entorhinal Left Entorhinal 0.0012 -

Left Fusiform Left Fusiform 0.0008 -

Left Inferior parietal Left Fusiform 0.0075 -

Left Inferior parietal Left Inferior parietal 5.4E-08 -

Left Inferior temporal Left Fusiform 1.1E-05 -

Left Inferior temporal Left Inferior parietal 5.5E-07 -

Left Inferior temporal Left Inferior temporal 0.0069 -

Left lingual Left Fusiform 4.2E-08 -

Left lingual Left Inferior parietal 0.0018 -

Left lingual Left Inferior temporal 0.0021 -

Left lingual Left lingual 5.4E-05 -

Left Middle temporal Left Banks of the STS 0.0060 --

Left Middle temporal Left Fusiform 0.0050 -

Left Middle temporal Left Inferior parietal 3.9E-06 -

Left Middle temporal Left Inferior temporal 8.4E-05 -

Left Middle temporal Left lingual 0.0054 -

Left Middle temporal Left Middle temporal 0.0009 -

Left Parahippocampal Left Fusiform 0.0056 -

Left Parahippocampal Left Parahippocampal 0.0015 -

Left Pars orbitalis Lateral orbitofrontal 0.0038 0.0001

Left Pars orbitalis Left Pars orbitalis 2.4E-05 0.0003

Left Pars triangularis Left Pars orbitalis 0.0002 --

Left Posterior cingulate Left Inferior parietal 1.2E-05 -

Left Pre-central Left Inferior parietal 0.0052 -

Left Precuneus Left Lateral occipital 3.9E-06 -

Left Precuneus Left Parahippocampal 0.0028 --

Left Precuneus Left Precuneus 0.0081 -

Left Rostral anterior cingulate Lateral orbitofrontal 0.0080 0.0001
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Connection Full model significant | SUR significant
p-value p-valuein amore
in asampleof N=200 | challenging

sample of N=76

Left Rostral anterior cingulate Left Pars orbitalis 0.0002 0.0002

Left Rostral anterior cingulate Left Rostral anterior cingulate | 0.0039 -

Left Rostral middle frontal Left Caudal middle frontal 0.0047 -

Left Rostral middle frontal Lateral orbitofrontal 0.0025 -

Left Rostral middle frontal Left Pars orbitalis 0.0034 0.0002

Left Rostral middle frontal Left Rostral anterior cingulate | 0.0022 -

Left Rostral middle frontal Left Rostral middle frontal 0.0011 -

Left Superior frontal Left Pars opercularis 0.0046 -

Left Superior frontal Left Superior frontal 0.0045 -

Left Superior parietal Left Fusiform 0.0031 --

Left Superior parietal Left Inferior parietal 0.0042 -

Left Superior parietal Left Inferior temporal 0.0087 --

Left Superior parietal Left Isthmus of the cingulate 0.0080 -

Left Superior parietal Left Lateral occipital 2.5E-05 -

Left Superior parietal Left lingual 0.0015 -

Left Superior parietal Left Middle temporal 0.0043 -

Left Superior parietal Left Precuneus 0.0092 -

Left Superior parietal Left Superior parietal 0.0004 --

Left Superior temporal Left Fusiform 0.0007 -

Left Superior temporal Left Inferior temporal 0.0049 -

Left Superior temporal Left Middle temporal 0.0002 -

Left Supra-marginal Left Fusiform 0.0006 -

Left Supra-marginal Left Inferior parietal 1.9E-05 -

Left Supra-marginal Left Inferior temporal 0.0011 --

Left Frontal pole Left Medial orbitofrontal 0.0077 -

Left Frontal pole Left Rostral anterior cingulate | 0.0022 -

Left Temporal pole Left Fusiform 0.0022 -

Left Insula Left Fusiform 0.0011 -

Left Insula Left Inferior temporal 0.0057 -

Left Insula Left Middle temporal 0.0003 -

Left Insula Left Rostral middle frontal 0.0068 -

Right Isthmus of the cingulate Left Superior parietal 0.0036 --

Right Lateral orbitofrontal Left Rostral anterior cingulate | 0.0020 -

Right Medial orbitofrontal Right Lateral orbitofrontal 1.6E-05 2.8E-05

Right Parahippocampal Right Isthmus of the cingulate | 0.0035 -

Right Pars orbitalis Right Pars orbitalis 0.0078 -

Right Precuneus Left Posterior cingulate 0.0082 -

Right Precuneus Left Superior parietal 0.0009 -
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Connection Full model significant | SUR significant
p-value p-valuein amore
in asampleof N=200 | challenging

sample of N=76

Right Precuneus Right Lateral occipital 0.0010 -

Right Precuneus Right Parahippocampal 0.0010 --

Right Precuneus Right Precuneus 1.0E-05 -

Right Rostral anterior cingulate | Lateral orbitofrontal 0.0076 -

Right Rostral anterior cingulate | Left Rostral middle frontal 0.0084 -

Right Rostral anterior cingulate | Right Pars orbitalis 0.0002 --

Right Rostral middle frontal Left Rostral anterior cingulate | 0.0075 -

Right Rostral middle frontal Right Rostral middle frontal 0.0058 -

Right Superior parietal Left Isthmus of the cingulate 0.0025 -

Right Superior parietal Left Precuneus 0.0037 --

Right Superior parietal Right Posterior cingulate 4.2E-05 -

Right Superior parietal Right Precuneus 0.0086 --

Right Supra-marginal Right Superior temporal 0.0053 -

Right Insula Right Caudal middle frontal 0.0059 -

Right Insula Right Fusiform 0.0057 -

Right Insula Right Inferior parietal 0.0020 -

Right Insula Right Lateral orbitofrontal 0.0062 -

Right Insula Right Paracentral 0.0025 -

Right Insula Right Posterior cingulate 0.0062 -

Right Insula Right Pre-central 0.0055 --

Right Insula Right Supra-marginal 0.0014 -

Right Insula Right Insula 6.8E-06 -
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